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ABSTBACT 


2 

In earlier studies the near-field component of the 
flow noise lias been identified as a primar;';' excitation source 
in the parallel-flow-induced vibration of flexible rods 
and tubes. CQie measurement and characterisation of noc.r- 
ficld noise is the most difficu 3 .t part of the vibration 
problem. In this work an experimental study of the statis- 
tical charo.ct eristic of pressure fluctuatio2i on the surface 
of a test clement in annula,r flow at roora temperature and 
atmospheric pressure has been presented. Miniature pressure 
transducers have been constructed and mounted both longitu- 
dinally and circumferentially on the surface of a cylindrical 
adopter which -was flush mounted 'sj'ith the tubular tost 
element. The instrumented test element ms concentrically 
mounted within the test loop. T-iis assembly was used to 
measure pressure-time history of the near- field flow noise. 
The auto-correlation coefficients and power-spectral densi- 
ties were computed from a pressure difference signal using 
a substraction process 5 with diametrically opposite trans- 
ducers, to null out the fc,r-field (acourtio) noise. Spectral 
variation of pressure fluctuation with flo’!'?' rates wgi’g 
plotted. The present stud 37- shows the feasibility of measur- 
ing the excitation function, which is believed to be due to 



pressure density fluctuations around the rod. It is hoped 
oha c: fclie ]presont results will be used in ]predicting the 
response of the vibrating rod in a parallel flow field mr. 
by the well established analytical methods. 
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1,1 ipj.\uc t ip n, 


Plow induced vibration includerj a >:id3 .range of vibra- 
tion problems associated vitli ele.stic structures p^.aced 
in a flowing f.luid. I!Inerg 3 ?' needed to oictivate e.nd sustain 
tiles e vi-brations is derived frora tiie f.i.uid. flowing around or 
through the structure. I'hese vibrations are of self-'-excitod 
tj'pe beco.usc it is be.lieved to be initiated and sustained bg 
transient disturbances present in the flow. 


In nuclear industrs^ the flow-induced vibration problems 
are iiapor'bant for optima.1 design of reactor core which 
includes closely spaced fuel elements (rods) and in the 
design of steam generators which contain large number of 
tubes carigT’in.g fluid. Both these problems have been 
investigated and literatures a.vc available regarding the 
stability as well as the root mean square (rms) disp].accme?its . 
Vibration problems associated with nucleeir power plants 
such as EBil II [l], G-EIR [2], Bi;.., Rock Point I'ypo BUR [3.4], 
PWRS [5,6,7] and I-ISRE [8,S] show that the units have 
experienced extensive damge due to the flow-induced-- 
vibistions. G-eiierally vibrations in reictors ma]?' lead to 
vibration noise, failure through wear, fatigue and fretting. 
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A recent paper by Shin and hanioganss [10] revie'^rg the behavioui'' 
of steam generators for the LICPBR type of redactors. High 
velocity flow rates in steam generators using water [11--14] 
genera.lly leads to failui-e of tho tubs bundles which needs 
frequent I'epla cement. Oeneially these vibri^tions are generated 
and propa-gated due to fc\r field disturbances and near fiolci 
disturbances. Typically the pulsating pirmp flow, vortex 
shedding in tho wahe behind the submerged structure, structura.1 
noise, cavitation etc. can be classified as far field dis- 
turbancGC. Hear field disturba,nces are mostljr the pressure 
variations around the tube or rod due to the flow around it. 

Par field disturbance (or noise) generally propagate in the 
system with the sound velocity, while near field disturbax?.c8 
(or noise) is local in nature and is generated due to the 
turbulent eddies. Some general observations regarding the 
flow-induced-vibration effects may be made as follows; 

1. Fluctuations in the reactivity of reactor core and 
hence in the output power level of the reactor. 

2, Coalescence of plate type reactor fuel elements [15]. 

5. Propagation of sound wave of long wave-length through 

the loops. 

4. Secondary vibrations of structural components. 

5. ■■ Cliangos in the flow distribution history around the 
tubes placed inside the heat exchange r~she 11 , 
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Excessive wear, fatigue and fretting 


resulting in the 


breakage of tlie heat exchange!' tubes. 

7. Breakage of spacer and end fixtures of rod and tube 
bundles . 

8. Continuous erosion of baffles resijilting in baffD.e-*hole 
enlargenent because of hannering and sai'^iiig effects of Tib- 
rating tubes . 

In general the vibrations may be caused by the f3.uid 
flow either para.llel to the structure axis (pa.rallel flow) 
or transverse (cross—ilow) to the structure axis. Cross- -flew 
problems arc important in heat exchangers (stea.m genera/fcorcs ) 
and in the case of CAITBU t^^'pe rcactorSj the heav^’- water 
dumping in emergenc}' (scrcan) shut down of the reactor. In 
general, cross-flow induced vibration is excited regular 
vortex shedding in tlie wake behind the structure, out in 
case of arrays of parallel tubes or rods, excitation can also 
arise through turbulent buffeting, fluid clastic whirling, 
jet switching, propagating acoustic standing waves and 
hydraulic noise associated with turbulent boundary layer 
pressure fluctuations. The subject is widely explored and 
several excitation mechanism have boon identifieci. Empirical 
and theoretical results have been presented in the literature 
[14,16-20] and the design guide lines are also available. 



1;2 Farfxeld and ITearfisld IToise; 


Til© present study is mostly concerning the parallel 
flow induced vibrations* Vibration of guide tubes (due to 
internal flow) and fuel rods (due to external flow) and steam 
generator tubes (due to internal and external flow) have 
received wide attention and has been investigated during the 
past two decades* Parallel«-floW“inrluccd excitation consists 
of nearfield, farfield and structural borne noise. The 
farfield component comprises all system dependent noise and 
propagates with the speed of sound in the down-stream. 

Sources of- farfield noise are flow-pulsations , vortex shedding 
behind the submerged objects, turbulence generated by bends j, 
cavitation etc. In parallel flow there are two components of 
flow pulsations. One component is longitudinal in which the 
fluid pressure will va>ry periodically in the direction of flow. 
This produces an axial loading over the surface of the ele- 
ment in contact with the fluid. If the up-stream 03id is fixed, 
the element experiences varying tensile force and element may 
vibrate longitudinally. If the fluid is incompressible, this 
component has negligible effect. The other component is trans- 
verse, in which fluid pressure is oscillating in a direction 
normal to the element axis. It will produce a distributed 
load over the element and forcing the element to transverse 
vibration. It may change also the mode of vibration of the 
element. In both the cases axial flow velooity can be taken as 
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the mean resultant in axial direction with a randomly varying 
component. 

The near-field noise components are due to pressure 
fluctuations incurred by the adjacent fluid. The most 
important near-field noise is the boundary layer turbulence. 
These pressure fluctuation arise because of locnllj;^ generated 
eddies in the turbulent boundary la^^er. The life time of 
these eddies are small and depend on their' size. Eddy size 
depend on surface roughness and scale of turbulence. In 
general, the size of eddies very randomly. These' locally 
generated eddies start moving in tho domi-stream and disappear 
after travelling short distances from their origin. This 
distance upto which an eddjr survives, is dependent on their 
size and henco is also random. Distance travelled by an eddy 
in a unit time is known as convection-velocity. One can say 
that pressure field associated with these eddies will be 
convected in the down-stream with the speed of convection 
velocity. The maximum average distance travelled by eddies 
(hence pressure field) is known as correlation length. The 
loading on the ele lent, because of near field noiso, is ran- 
domly varying. Since the generation and disappearance of 
these eddies in the boundary layer are completely random, 
the treatment of the problem associated with near-field . . 

excitation must be based on random vibration theory. The 



o 


generated pressure distribution ca,n be evaluated from the 
spectral density measurements. 

Most of the existing litera^ture on parallel flow 
induced vibration problem cs-n bo cD-assified into ttfo 
biroad categories of stability analysis and response ii.oasujre'’ 
ments. Stability' analysis yields the critics,! rcrecpienc ios 
as a fmiction of system parameters such as flow rates 5 
stiffness, relative rod dimension and passages etc, 

■'■■esponse raeasurements generally deal with either direct 
measurements of displacements or measurement and characuoriza 
tion of field noise which jrields the fo?rcing function reciuii’ed 
for stability and response, determination. A brief litera-ture 
survey of the stability'' analysis and response neasureaciits 
is given below. 

1 • 3 Surve y o f StaJoilitj^ Aimljs 

Parall 0 l-flow“induced--vibration problerA was first 
observed in 1385 by Brillouin. Lourriercs [21] ha.a examined 
the oscillatory instabilities of ca.ntilever pipe (conveying 
fluids) both thooreticoll 3 ^ and experimentally. Ijntorost in 
the subject was reactivated in 1950 by Ashley and n-.viland [ 25 j 
They proposed wave like solution to the equation of motion 
and studied the effect of flow on wave propagation and 
damping. Their result indicates that damping increases 
rapidly with the flow rate. After their work, a number of 
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investigators [23-25] rfiported tho instability of cantilever 
pipes conveying fluids. These authors have done stability 
analysis and shoued that buckling (divergence) typo instabi- 


litji" can occur at sufficiently high velocities. The instability 
criteria of thick pipes conveying fluids with different end 
conditions and flow rates ha.ve been also reported [ 25-34] . It 
has been shown that oscillatory (flutter) instability maj?" 
also occur under ai^propriate conditions. Paidoussis [35] 
showed that vertical continuous flexible pipes conveying 
fluid can never be subjected to buckling type of instability. 
This paradox was confirmed bjr Paidousis [36] and Thurraan 
ot al [37]. Thejr have done nonlinear analjT'Sis of simpl37- 
supported pipe using perturbation techniques , which is appli- 
cable only to high velocities. The stability criteria of 
thin elastic pipes conveying fluid is also reported in the 
literature [3G~40j. The equation of motion was established 
using shell theory ciiid potentiad. flow theory. It was shown 
experimentally that instabij.itj'- in the shell is of coupled' - 
mode flutter type. 


All the above references deal with stabilit;/' of pipes 
conve 3 !'ing steady flox^ring fluids. Stability analysis of 
pipes under pulsa.ting fluid flows was done by Chen [41-44];, 
Bohn and Hermann [45]. The 3 r supposed that the velocity field 
consists of a steady component superposed with a harmonically 
varying component. These studies have been done for simply 



suppor'bed s stra-ight and curved pipes. They las-vo also included 
effects of end support conditions, corio 3 -ic force and in-plane 
and out-of— plane notions. Their studies covered free, forced 
and parametric escitations. They showed that the effect of 
fluid pressure aeid velocitj?" on natural frenuency are o-lraost 
similar to that found in steadjr flow and when the f 3 .ow is 
increased he3rond the critical velocity (onset of install ility) 
the system returns to stahilit3^. Paidoussis and Issid [ 34 ] 
corrected the equation of Chen for strea-..i-wise local accelo-- 
lation of the unsteady component. The existence of these 
oscillator3^ instabilities in case of 23 inned- -pinned ,and 
clamped -clamped pipes was explained as the consequence of 
coriolis force. After the onset of bucicling this force 
stabilizes the s^rstem prior to the onset of coupled mode 
flutter. Again, viscoelastic damping ojid h3rsteretic dissi- 
pation destabi 3 .ize the system, but the effect of h3rsteretic 
dissipation is not as severe as that of viscoelastic. 

Chen [40] extended the work and studied the vibration 
of a group of circular cylinders. Ho has considered the 
effect of adjacent vibrating rods to each other and sot a 
system of coupled differential equation. This is a. general 
method xfhJ-ch can be equally applied to cylinders having 
different properties and to in-plane or out-of-plane vibra- 
tions', Ho showed that lowest frequency of the coupled modes is 
associated with the in-plane mode motion. lie further showed. 



that fundamental frequency of a group of identical cylinders- 
is inversely proportional to the number of cylinders and 
spacing between them. As spacing between the cylinders 
decres-scs, the courjled frequencies are spread out over a 
wider range leading to a broad bo,nd. 

1.4 Survey of Response I-Ieasui'eme_nts t 

(A) Direct Ileasuremo nts ^ 

In 1S55 Long [46] measured tlie free transverse vibra- 
tion response of s. single -span- tube of the cantilever type 
conveying 3 ?luid using strain gauges. .It was shown that the 
amplitude is directly proportional to the flo*.'' velocity 
and also that the forced motion of the cantilever tube was 
dampened by internal flow. However these esperiments did not 
receive attention till 1958 when Burgreen et al [47] performed 
the vibration studies of cylinderical rods in axial flow^, 
similar to nuclear fuel elements and steam generator component 
Both single rod and rod bundle behaviour were investigated 
by resistance strain gauges mounted on diamctrical3.y opposite 
sites of the rod. For rod of -1-’' diameter placed in a tube 
of 4 in. diameter, Burgreen et al observed that the vibrp.tion 
frequency was relatively constant over wide range of flow 
rates, and hence they inferred that the vibrations were of 
self excited type. In their analysis they assumed that the 
forcing function was proportional to the dynamic pressure for 
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fizlly developed ‘boundary lajT’er. Quinn [48^49] experi:nentall 3 r 
measured rod vibrations in water at 21 to 6l°G and water' ■ 
steam two-phase mixture at 235*^0 usiriip strain gauges. The 
single phase experiments were made to systematically study 
the effect of velocit 3?‘5 fluid density/; hydraulic diameters 
mass and the flexural rigidity of the rod. The two pliase 
studies showed maximum vibration response at 7% voids. His 
analysis includes a centrifugal teiT-i to accoiint for the 
flow acceleration on a bowed rod. 

Sogreah [50] experiments were performed in smooth 
rods in laminar flows , and their results indicate that the 
surface roughness increases the rod a.mplitude for actual 
heat exchanger tube response in water, water and steam 
mixtures both at room temperature and at 220^0 were measured 
by Rostrom and Anderson [51,52,53]. These experiments also 
resulted in maximum vibration response at 7.5% void as in 
the case of Quinn's experiments, furthermore it was observed 
that the amplitude increased with increasing tompera/bure and 
velocity. The r.m.s, response of an isolated tube was 
different from a tube in a bundle. Strain gauges were used 
to investigate fuel rod bundles at 21 to 65°C by Pawlica and 
iiarshall [54] and finned tubes with hinged and fixed end 
conditions in the temperature range of 15'-10°C by Basile 
et al [55]. 
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Paidoussis [56] developed a t]aeor 3 r for self-sustained 
oscillations talcing* the centrifugal force terT*! a,s suggested 
"by Quinn and velocity dependent drag force. This drag force 
acts on a. body across ■which fluid is flowing. The results 
were used to derive an empirical correlation [57] which x^ras 
an improvement over Burgroen's correlation. The effect of two- 
phase floxf is considered by using effective txro-iohase density. 
He has verified his correlation xri'fcli experiments. It gave 
reasonable agreement x-ritli empiriceJ. formulae for o, single rod 
but poor agreement for tube bundles. 

Andrews et a.1 [58] measured the mid-span vibrations 
of a cylindrical 3?od by optical transducers. Their results 
showed that onJ-jy the fxmdamental mode was excited. The r.m.s. 
response predicted by using the randomly varying wall-pressure 
correlation was found to agree well with measured r.m.s. 
response. Their r.m.s. response was about 4 to 15 times less 
than the maximum amplitude predicted by Paidoussis correlation, 
but is in good agreement with r.m.s. response predicted by 
Beavis's correlation. 

In a subscciuent theoretical work, Reavis [59] adopted a' 
theoretical model xrherc the rod was driven by a randomly ; 

time varying force resulting from turbrJ-onco in the fluid. ; 
His equation of motion contains elastic, viscous damping, i 

inertia and inertial force exerted by fluid displaced by the | 

i 

i 

i 

I 

i 

( 

f> 

I 
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rod, ImplimerLtation of tliis theory requires various sta,tiS“ 
tical properties of the random two dimensional pressure 
field that surrounds the rod. Since si,ich information was 
not available for geometries and fluids of interest, he 
used the existing nondime ns ional data, for air-flow through 
pipes, to co.lculats amplitude of vihratioji. He found that 
the predicted amplitude obtained in this manner was, in 
general, much smaller than those reiDorted bj^- other experi- 
menters. This discrepancy led to a constant scalar ratio 
between the theoretical and cxperimentaD. va3.ues for anv 
particular test loop. 

Thus it becomes important that the knowledge of the 
driving force of randomly varying pressure fluctuations is 
essential in arriving at an accurate correlation to predict 
the response and stability. 

(B ) kjea sur ement £_ o f Pres sure Flu ctuatio ns : 

The fundamental paper on flow noise has been published 
by Lighthill [60j, who studied the radia,tion field outside 
a finite region of homogeneous turbuJ.ence. The basic work 
on the noise pressure within an infinite region of turbulence 
xfas done by ICraichman [6l] and maxi.Y of the results arrived in 
this paper was already containod in his analytical formula. 
Phillips [62] did some valuable work on the noise pi'-essure 
radiated by a turbulent boundary layer to greater distances. 
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Lyon [63] developed an analytical method to analyse the one- 
dimensionaj. transverse vihration of strings to an axial 
random load. Dyar [64J extended the method of Lyon to 
analyze the response of a two dimensional plate subjected 
to a random pressLire field. Skudrzsdc [65]? presents a first 
attempt to predict the boundary-layer noise levels and the 
noise produced b3r the surface roughness , on -ahe basis of 
measurei.aents in the boundary la3rer of the test section of 
G-arfi eld. -Tomas hater Timnel. This ^ also, was the first 
a-ttempt to aiia 3 -yzs sma 3.1 scale boundary layer turbulence by 
means of flow noise studies. Two buoyant units each carrying 
six hydrophones were used, for data recordihg on a seven 
channel tape recorder, measurements have been done in a wide 
frequency range. The specti*a,l level of the flow noise was 
found to increase by increasing flow ve 3 .ocity. They have 
showed that flow noise produced by the rough surfaces is 20 
to 50 times greater than that produced bj/- smooth and polished 
surfaces. The effect of finite size of the hydrophones was 
systematicall3'' investigated. Kraichman [66] has measured 
pressure fluctuation over a flat plants, using small micro- 
phones, placed in turbulent air flow. I-Ie has plotted longi- 
tudinal and lateral cross-correlations and spectral density 
function for different liach numbers. Gross-correlation, . 
curves were approximated by exponential functions. These 
results wore used in deriving a mathematical modej, for 
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driving force. Experimental results of smootli and rongh 
sux'faces led him to conclude that vihrofcions are excited 
not only by pressure fluctu.ations y but also by shear 
fluctuations at the surface. I'he relative contributions 
of theso two typo of forces can be estimated only if the 
degree of coupling of the various modes of vibrations are 
known. 

Tack et al [67] ■■'aeasu.rod pressure correlation over o, 
plate of rectangular cross-section placed in a wind-tunnel. 
Instantaneous fluctuations in pressures weiu^ measured b 3 r 
small microphones. Space time correlation were measured by 
moving n.icrophones over discrete steps. The eddy drift 
velocity was determined frora the knowledge of the scpairation 
distance and delaj;" time necessary to obtain a correlation 
maxima. They have derived mean eddy drift volocitjr, for 
higher band frequency y and found about 0.70 to 0.3 times the 
free stream velocity. This is in good agreement x-rith the 
valuo given by ¥illmarth [68], A correlation for the self 
noise of the sensing device was obtained by extrapolating 
the cross-correlation pressure response peaks to zero 
separation-distance. This value was then compared with 
results obtained by auto-correlation of the response of a 
single transducer. The excess r.ra.s. pressure liieasured 
by auto-correlation was attributed to self noise of the 
transducers . 
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'Measurements of the turbulent pressure field at tlie 
wall beneath a 5 iu. thick turbulent boundary layer produced 
by natural transition on a smooth surface was reported by 
Ifillmarth and Woolddridge [68]. The data includes mean- 
square pressure, power-spectrum of the pressure, space-time- 
correlation of the pressure parallel to the stream and 
longitudinal, lateral 'cross-correlations of the pressure. 

The r.m.s. wall pressure vras found to be 2.19 (revised to 
2.64 [69]) times the shear stress. The power spectra of the 
pressure were plotted in teims of reduced frequency (stroxihal 
number). A few tests with rough surface showed increase in 
r.m.s. wall pressure. 

The space-time correlation measurements, parallel to 
the stream direction gives convection velocity 0.56 to 0,85 

’i 

times the free stream velocity. Higher convection-speeds 
are observed when the spatial separation of the pressure 
transducers is increased or when only low frequencies are 
correlated. This result is in good agreement X'/itli the 
measurements of Corcos [70] in fully turbulent tube flow. 
Analysis of these measurements also shows that both large 
and small-scale, pressure producing eddies, decay after 
travelling a distance proportionaJ. to their scale. More 
precisely, a pressure-producing eddy of large or smali wave 
length 7\ decays and vanishes after travelling a distance, of 
approximately 6/\. 
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The effect of pressure gradient on the spectral 
properties of wall presSLire fluctuations was studied hy 
Schloemer [71]. He has measured turbulent-boundary“layer-" 
wall -pressure fluctuations using niniaturo transducers in 
an air tunnel. Spectral properties were measured in both 
adverse and favorable"^ pressure gradients"’"'' pressure 
gra.dients in a low turbulence subsonic wind tunnel. To 
stablish a basis of compa-risonj, similar measurements were 
made for the zero pressure gradient. Low frequency content 
in the spectral density, was found to increase in adverse 
pressure gradient and decrease in favorable pressure gra- 
dient, Convection velocity, decay rate of an eddy was 
found to be higher in adverse than in favorable pressure 
gradient. No significant difference was found in the 
later<al cross-spectral d ensity, 

Corcos [ 72 ] discussed the measurement of statistical 
properties of pressure field at the wall in shear flows. 

He discussed the effect of transducer sizes on the spectral 
properties and the resolution of pressure field. He showed 
that measurements of longitudinal and lateral cross-spectral 
density lead to definition of similarity variables. The exis- 
tence of these similarity variable (one is along the flow 
and other is perpendicular to the flow) was assumed due to 

•- Afl^7■^:^-rse-^^ressure decreases in the direction of flow. 

■v.Qr.+T on of flow. 
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tlie dispersion of ihe sources of pressure (eddy) by the 
mean velocit 3 !" gradient. This mechanism was illustrated 
by a simple model which is _ known a,s phenomenological modcO., 
This model defines the cross— spectral“density in terms of 
power-density and similarity variables which cha-racte rises 
the convecting, random pressure ficD-d associated with the 
near-field. 

The power spectra of the Tflall pressure was measured 
by a transducer of a very small size and correction to the 
power spectra, measured by finite-size transducers was 
determined by hillmarth and Hoos [73]. They have used 
four transducers of different diameters. The r.m.s. wall 
pressure measured by a transducer of a very small size was 
found to be 2.66 times the wall shear-stress. They shoxrcd 
experimentally that similaritj’’ variables introduced by 
Corcos [72] is not valid for small spatial separo.tion. The 
range of validity of the similarit 3 r was determined by them. 
They have made transducers of two ceramic materials - 
Barium-Titanate and Lead-Zirconate. They have found that 
Barium-Titanate transducers are less sensitive than load- 
Zirconate (PZT-5 ) . 

Backwell [74,75] measured longitudinal space-time 
correlation function of the fluctuating pressure in a 3.5 in. 
pipe, in turbulent air flow. Tie has used l/l6 in. dia 
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leacl“Zirconate fiisl and l/8 in. dia standard sensors 
mounced flush with inside wall of the pipe. Acoustic filters' 
were used to minimize noise. His results wore compared 
with the theoretical model developed by Corcos [72], It was 
found that the maximum space time correlation can be approxi- 
mated by an exponential. The data, was analysed with a fixed 
band-width of 30 Hz as well as using half octave and full 
octave band-widths. In all the erases it was found that 
the agreeraent between tiieor5r" and experinent is better for 
the narrow band case. 

Backwell [76] measured the statictica.! properties 
of the fluctuating pressure at the wall in the -turbulent 
boundary layer of a body of revolution in a water medium 
using flush-mounted hydrophones. The non-diniensiona.lized- 
spectral-corr elation data was found to be in good agreement 
with zero pressure gradient data on flat plate and with 
nearly zero pressure gradient data in fully developed tur- 
bulent pipe flow. Peripheral correlations were also obtained 
by mounting hydrophones at 26.3^ and 40° orientation froia 
its normal position. These data confirmed the Corcos [72] 
assumption that the magnitude of the general cross ‘-spectral 
density function is closelj;- represented by the product of 
the magnitudes of the streamwise and lateral cross -spectral 
density functions. He showed that non-dimensional convec- 
tion velocity depends exponentially on the non-dimensional 
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frequency. His longitudinal and lateral cross -spectral 
density can l)e approximated by exponential curves and T-ras 
in good agreement with experiments of Willmarth et al [68], 

Clinch [77] measured the wall pressure field at the 
surface of a smooth-walled 'pipe carrying turbulent water 
flow. He has designed an assembly of miniaturo transducers 
for this purpose. This assemble'- has 19 transducers fixed 
longitudinally and peripherally to the assembly. The assembly 
was ground so that its diameter coincides with the inner- 
diameter of the pipe. Thin gold foils (0.01'’ ) were used 
as charge collecting electrodes. The measured longitudinal 
and peripheral spatial cross-correlations were found to be 
in good agreement with the results of Backwell [79]. Cross- 
spectral density was estimated in narrow frequency bands. 

He found that Corcos [72] analytical model is a good approxi- 
mation for-cross-spoctral density function. Spaco-timo 
correlation measurements in broad frequenejr bands shows that 
convection velocity is a function of frequency and is about 
0.76 to 0.81 times the free stream vclocitj''. 

Gorman [78] initiated the mGasuj/Gment of spectral 
p 3 ?opertios over the rod surface in annular fluid flow. He 
mounted a rod in a test section of the flow chsuinel. Assuming 
same pressure field over the rod surface and at the inner 
surface of the test section wall, he measured the pressure- 
time history using standard transducers flush mounted, with 
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the inner surface of the test-section wall. Values of 
longitudinal and peripheral crovss— correla.tions were ohta-ined 
for a fixed central frequenc37- of 50 Hz, for different values 
of transducer separations (anguj..ar and longitud inal) and 
for different liquid velocitj^. Damping coefficient and 
r.m.s. disielacements were measured hj'- a ps.ir of resistance 
strain gauges mounted on the surface of the rod. Spatial 
cross-corrolation coefficient curves were approximated hy 
exponential (peripheral) and cosine functions (longitudinal). 
R.m.s. amplitudes were obteined using linear random vibra- 
tion theory. 

V/arabsganss and Zaleski [79] was first to identify and 
characterise the near field excitation acting on the surface 
of a smooth flexible rod placed in parallel-annular flow. 

Thej?’ constructed three longitudinally in-line pairs of minia- 
ture pressure transducers on diamctrically-opposite surfaces 
of the rod. Bariuji-Titanate crs'^stals were used in construct- 
ing the transducers. Each transducer was mounted on strain 
relief pads to avoid strain sensitivity. Those transducer 
pairs were placed 0.1" and 0,2" apart. Transducers were 
calibrated in a. small circular section having same conditions 
as in the test section, for frequency response. This 
instrumented test element was then used for pressure-time 
history measurements. The correlation plots are some what 
different than previous results for plate [68]* 
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G-onnan [80] conducted a series of tests In wMcli a 
single test element has heen subjected to two-phase (air + 
water) parallel floir in an annulus. He has used the same 
set up described in [78], He showed that a high periphersvl 
correlation of the driTing forces are responsible for the 
large vibrations. But the spectral data of driving forces 
was not in agreement with the other experiraents. longitudi- 
nal cross-correlation coefficient curve approxiiaa ted 

by exponentially damped cosine function and peripheral 
correlation coefficient by a resultant of cosine and a 
sine functions. 

Harris and Holland [81, 82] have measured vibration 
amplitude of a cantilever rod in two phase (air-water) 
larallel flow by direct and by pressure fluctuation measure- 
ments. Vibrational amplitudes were measured by two pair 
of semiconductor strain gauges and pressure statistics, 
near the free end, by a pair of pressure transducers 
mounted near the free end, on the wall of the test section, 
li.M.S. pressures were measured for different end shapes 
and ma -sri mntn value was obtained for stream— lined shape. Analy- 
tical result showed that amplitude, damping and resonance 
fre(3_uencv of the rod are increased with increasing void and 
will be maximum at 7/. void. This result was verified by 
experiment. They found that differential wall pressure 
coirelation coefficient and dsmaiic strain are exponentially 
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lJi2is'bur3'" and Iiedwidge 
nraplitude in two-nliase flon, 
r-,lu.ot<^r representing part of 
rlec trice-1 sti’a.ln g-auges fit 
different fl02-7 rates, T'iiG3^ 


[83] lias measured Tibratioii” 
of a tbir tube in a 7 tube 
a nuclear fuel {■: lemon t, uitb 
ted inside fie tube wall at 
predicted a.'.i empizncal relation 


for ma,zimum aro-plitude, based on expei’imentc-1 data-- in 
('f volumetric flow rate. Eecentl3''5 G-orman [84] studi 
*,lbr?-tion belie- viour of the central rod of a seven rod 


m s 
the 


bundle simulating IWE ro<a.ctor fuel pin. The central red 
ira.:S kept at simpl3r-oupported end conditions and other six-- 
.-. •dr wo-i-'G fixed. Amplitudes were recorded by two pa-irc cf 


;■ c-miconductor strain^-gauges and pressure fluctuations were 
■ '■'acured b3/ pressure taps for different void and flow rates. 
) .0 found "bhat above 16’^ , amplitude of oscilj-auxon is 


nlc-oendont of flow-speed and void -fraction. Also, the 
IT? cured amplitude of a pin in a bundle is higher than 


fame pin in isolaA-d Grorsian and Hirsa [85] adopbeo 

now tochniaue to measuro the local driving force over. a 
: 00 immo!i'>sed in a fluid flowing through a channel parallel 
"i 0 'blio common axis of the rod a-rd cha-nnel,-. Their sc-iio^r 
vas a thin zj.rcollos^ tube cf outer dia same a,s tcS'c rca 


end length equal to the l.i,o.if uhe rod lengtiis A paii ox 
£ omiconductor strain ga-uges were mounted on diam-.-trioally 
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opposite inner surfaces of the tube. Half portion of the 
rod was ground to fit the tube over it, lube was a canti- 
lever beca,use of the clamping at its upstreara end. A small 
clearance was left for tube vibration. Signals give the 
stresses noimal to the tube surface. An expression for the 
driving force was given in terms of system parameters. 

Survey of the above literature shows a re,.aarkable 
development towards parallel-flow-induced-vibration problem 
through stabilitjr and response analysis. It further appears 
that the dynamics of pipes transporting fluid (internal flow) 
and tubes/rods located in the stream of flowing fluid (extei*- 
nal flow) were developed more or less independently. The 
problem of external and. internal flows differ mostly due to 
bouyancy and added frictional forces. All the earlier 
response measurements adopted either deterministic (direct 
measuxement) approach or probabilistic (forcing function) 
approach. The first group has forgotten the solution of 
equation of motion and predicted empirical relation for 
maximum amplitud e . 

The second group offer an alternative approach to the 
problem postulating the vibration as excited by randomly 
fluctuating pressure field. Many aspects of the pressure 
field (forcing function) are still unloiown because of 
lack of experimental data- Accordingly the present work was 
carried out to fill tlie gap. 



^ P res ent y p ric s 

A survejr of the a.'bove literatu:-’’© motivated to co3-lect 
more infOBnation about dynamic, coiivecting I’andom preos’are 
field around the tube/ rod in annular floir. Accordingly 
axial and peripheral fluctuating differential pressure- 
time histojry, over the tt-ibe surf:,ce, was measured b^r minia,-- 
ture pressure tre-nsducers fabricated in our 3.abor3.tOiym 
Various correlation functions and donsitj'" spectra s.re 
presented in the present uork. .iliniature pressure ■GBans-- 
ducers were constructed, in !Tucle 0 ,r Engineering lafj, (113 Lab. 
using ceramic biraorph crystals. These transducers we?.'^-- 
mounted to the assembly to get flush mount with the tube 
surface. Two such assemblies were mounted on diametrically 
opposite faces of the tube. Coaxial-low noise cables wc‘ e 
taken out through the tube as electrical lead from the 
sensors. These transducers were calibrated for static 
pressure. Instrumented tube was mounted in a test-section 
delivering water at room temperature and at atmospheric 
pressure. Interface electronic equipments were all 
designed and fabricated. The experimental environment was 
very noisy, so a lot of care was taken during design and 
fabrication of transducers and electronic equipments . 

Initial signal was ami^lified, filtered and then fed to 
analog to digital, convertor (AEG) of IBM 1800 using on line 
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facilitjr available at IIT Ifeaipvir. The digitized data has 
been recorded on a magnetic tape. Data analysis and 
plotting of results has been carried out on IBM 1800. 

Chapter II of the thesis contains brief description 
of physical layout of the system (hardware )p functions of 
the various parts of the test-loop, method of transducer 
construction and their calibration, electronic equipment 
design, fabrication and testing and the data recording 
S 37 stem. Chapter III describes the anal 3 ?‘sis and results of 
the data^ Che.pter IV describes the results, discussion, 
conclusions and some useful recommendations for future 


work. 



CHA.PTER II 


SXPSEII-rOlITTAI SET»-UP AED SIG-FAL COFDITIOFIFG 

^ ^ System Peso rip t io n : 

The schematic view of the experimental set-u.p is 
shown in Figure 1, The test loop consists of several 
removable sections and is an open loop system. It consists 
of cast iron pipes with 15.5 cm inside diameter and J> mm 
thickness. The horizontal test section can accommodate upto 
2 meters long test element. A centrifugal pump (22 H.P. , 

1460 rpm) delivers water into the flow loop at flow velo- 
cities upto 15 meters per second. A surge tank, kept at 
about 9 lueter height, is connected with the loop by a 20 cm 
internal dia pipe to feed water into the loop under gravity. 
Flow through the loop can be controlled by two inlets 
and one outlet valves (v^, v^, v^). Outlet water is collected 
in a flow rate measuring tank. This water is taken back 
into the storage tank through a cement sewer. 

The loop has been designed with minimum bends, valves 
and reducers to minimise far-field (system dependent) noise. 
The loop is fitted with one vibration isolator (IF), two 
flow straightners (FSl, FS2), five sets of acoustical 
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filters (apt, P1-P4), one test: section, one pair of acoustic 
transducers (AT) and 16 transducer mounts (T^, A 50 cm. 

Perspex pipe (TP) is introduced into the loop, "before the 
test section, to observe the flow in the loop. Inlet '/'ater 
can be controlled hj a main control-value and a sub-way 
value which is used for fins adjustments of the flow. Pump 
foundation vibration was minimised usin.^ sand damper t8chniq_ue. 
To supress the transmission of residual foundation vibra- 
tions through the structure, a flexible rubber section is 
used as vibration isolator. Details of the coraponents used 
in the loop is described below. 

2,2 Com pone nt of t he Se t -up ; 

The experimental set-up consists of the following 
components : 

a) Plow straightner 

b) Acoustic filters 

c) Test section 

d) Test element 

e) Hi^i pressure section 

P low St ra ight ner ; 

In order to regulate the flow field, two flow 
straightners PSl and PS2 are installed into the flow loop 
Pig. 1. PSl is a small (20 cm long) straightner made of 
layered steel sheets. It is mounted just after the cement 
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tank acoustic filter AkT. Tlie irregularities coming from the 
AFT will Toe miniraised by this straightner. The mechanism is 
similar to the wave regulating mechanism in the radar sjT’stem, 
In the region of the straightner square /circular flow fio3,d 
coming from the APT will be divided into thin roctangula.r 
layers and will die out while passing through it, P:12 is 
mounted between the acoustic filters PI and P2. It is a one 
meter long pipe section, tightl^y fitted with thin wall, 
aluminiura tubes. The axis of each tube is supposed to be 
parallel to the loop axis. Secause of the long narrow loath, 
inlet radial irregularities in the flow will be reduced 
in the outlet flow. 

Jp... > 

Par-field transverse noise is minimised by 5 sets cf 
acoustical filters. One of these ,18 a cement tank APT 
placed just after the rubber section ES and out of the other 
four, 2 sets are installed on each side of the test section. 

In the flow, transverse and longitudinal irregularities are 
present. These far-field noise originate from pump pulsations, 
bends, cavities etc. Cement tank APT is a rectangular 
(30 X 30 X 16 cm) concrete tank. It acts as a single stage 
filter. The loop pipes are cemented to its upper and side 
faces, so that flow turns at 90° from its original path. 

Since the diameter of the pipe is 15.5 cm, hence the maximum 
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wave length of the propagating circular wave is 7.5 cm. 

(half of the radius). In order to get ma Ti Tmim cut off, 
frequency, height to width ratio of the tank should be It 4, 
Accordingly required tank width is 30 cm and calculated cut-off 
frequency of the tank is 20 ICHa. This fiJ.ter reduces tho 
far-field noise by the following mechanism: 

1) Change of material in the flow path produces damping 
to the structural noise. 

2) Change in wave sliape reduces the noise level. T’o.r- 
field flow noise propagating in the form of circular waves 
will become rectangular in the tank and since the tank 
outlet is a circular pipe having layered flow straightner 
PSl, the incoming noise will be reduced. 

3) Reflection produces absorption of the wave, flow 
field gets a 90° turn when passing through the cement tank. 
Because the tank material is some what porous, some of the 
sound wave will got absorbed by the material. 

Another set of filters Rl and F2 were installed in 
the loop to attenuate the extraneous low-frequency far-field , 
noise. Bach set of these filters consists of three circular 
pipes of the same specif! ca|ions as loop pipes and of ; 

■' ‘ •' i 

1 meters average length. The actual length of each pipe is j 

different from each other. These pipes are connected to j 

i 

the loop by short T sections, located at the bottom of each | 
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pipe. One set of these filters is installed in the upstream 
and the other in the down-stream. Each circular pipe of 
these filters has largo opening area and a.cts as a resonance 
column. Those pipe columns are mounted vertically on the 
horizontal flow-loop. During operation these pipes are 
filled with air at room tempera^ture using an air compressojr. 

To adjust the xirator level (i.e air presstire) in these pipes, 
air leak— control system and con-’^-^oll.e'^ air-food systems are 
provided. Those pipes act as high pass filter. The calcu- 
lated cut-off frcq.uency of these txfo sets of filters is around 
+ 50 Hz. These filter stages will attenuate the low- 
frequcncy far-field noise level to reduce the 'masking' 
problem caused by the noise. 

further reduction of far-field noise was achieved by 
introducing two more sets of 8.coustical filters » 

Each set was installed on either side of the test section 
and in between the filters El and F4. These filters are 
similar to those used by Paidoussis [57] and Hamb&ganss et 
al [79]. Each filter system consists of three rubber tubes 
of large diameter. Each rubber tube connected with the 
flow channel by short pipes of 7.5 cm internal diameter. 

These pipes are welded, with the flow loop, pipings such 
that the axis of these small pipes are vertical. Because of 
small diameter (7.5 cm) the cross-sectional area of the pipe 
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■fco volimie I’a.'fcio oi mbboi* ■’cub© jiil'bers is very snail aud 
hence act as scni~inf inite cavities. These rubber tubes 
are fitted with air and arc comioc'fced wj.th air compressor 
during operation. These filters also act as hi^a pass 
filters. Cut off freq_uency of each rubber ‘ti.ibe filter is 
about 100 Thj. These filters are Quite effective. The 
test section is installed bett/j-oen -bhe filters fl. P2 and 
F3j F4j to isolate it from inlet and outlet acoustic noise 
sources. The over all effect of these filters is believed 
to bo sufficient to attenuate all the far-field noise to a 
minimum whose effect can be neglected in the present vibra- 
tion study. The residual low frequonc 3 r far-fiolc! noise can 
be measured with a pair of acoustical transducers , AT, 
mounted diamatricallsr opposite. 

Test section TS is a 2 meters long 15.5 cm internal 
diameter mild steel pipe, placed between -the filters ^2 
and T’3. Two end plates arc bolted on each side of the 
tcst“Section. These end plates arc aluminium flanges having 
steel supports of aero-foil section, which can be adjusted 
in and out to a very minute amount (0.01 mm) to support the 
tost element in the coircre of the test section. Test section 
is made to accommodate 2 meters long test element to avoid 
the effect of a sma3.1 incDLination of test element from the 
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■feesi; SGCtion axis. Tesi seciion has fiv© pa,irs of "tTSLUS— 
dueers mounts in the middle region. Each pair of these 
mounts are welded to the test section pipe on diametrically 
opposite sides. A pair of standard pressure transducers can 
he mounted in each of the diametric © 1137 - opposite mounts of 
a pair to measure pressure fD.uctuations history of flow at 
the wall of th© test section. Variation behaviour at different 
h37-draulic diameter can be studied by using either test 
sections of different internal diameter with reducers /expan- 
ders or test elements of different outer diameter. Two 
test Sections and four test elements are available to study 
the hydraulic diameter effects. In the present work, spectral 
properties of the fluctuating pressure was studied for only 
one hydraulic diameter (13 cm). 

) 5) Elem ents : 

Pour single span C37'linders of different diameters 
are available to use as test elements . The length of each 
tost element is about 3.0 meters. A larger length was 
chosen so that each end of the elements can be fitted with 
conical plugs to reduce the disturbances produced due to 
flow separation at the ends. Each element has 8 pairs 
of small holes as shown in Pig. 2. Eight holes are dist 2 | 
butod to give five axial points and four circumf erencial 
points on the surface of the test element. Miniature 
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pi'essui’© ■fci^LUSducei’s ai'e mouii’fced in eaoli of iii© lioles "bo 
get pressure time history at the eloment surface. Instru- 
mentation of these transducers is a difficult task. In the 
present studj^-, only one element, which is a. 2.5 cm aluminium 
tube, was instrumented. Instrumentation technique of the 
element is different from the techniques adopted by 
Clinch [77,86] and ¥ambsganss et al [79]. Two identical holders 
have been used, each instrumented with 8 transducers at 
identical points. Holders are fitted into diametrically 
opposite slots, in the middle region of the element. Trans- 
ducers are mounted over the holder surface to get flush 
mounting with the test element. To achieve flush mounting, 
holders wore ground in the fori of semi -circular rods of 
diameter equal to the outer dia of the element and sides 
of these holders were milled to fit into the slot, finally 
both the holders are bolted with the element. Electrical 
loads of coaxial low noise cables, are taken out of the 
tube from th© down stream end. 

High Pressure Sec tion ; 

Doxrn-stream filter stages, P4, can be separate out 
from th© rest of the loop to use as a high pressure section. 
This facility makes the set-up to work as a circular shock 
tube which can be used to calibrate the constructed miniature 
pressure transducers by shock tube analysis. 
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2 . 3 Inatinino ntation and Signal Condi tionin^^^ : 
a ) Tjmns cl uce Fabri cat ion ; 

Corcos [ 72 ] and ’.larabsganss et al [79] showed that the 
characterization of the cross-spectral density i.o. near- 
field noise j requires knowledge of power spectral density 
and the narrow-hand longitudinal and peripheral space-time 

correlations. These spectral properties can ho obtained hy 

» 

measuring dynamic differential pressure - time histories at 
closely-spaced points along the axis and around the middle 
point of the element. To make these measurements, miniature 
pressure transducers are needed [87,88]. To get better 
resolution and high frequency measurements, relatively small 
size transducers are necessary, since largo size transducers 
averages the high frequenc 3 c signals. Small size is also 
required to get small transducer spacings to compute corre- 
lation (decay) length, mean life time and other relevent 
properties of the pressure field. 

Sufficiently small transducers are not available 
commercially and since Clinch [86] and vJambsganss ot al [79] 
showed the feasibility of constructing these miniature 
transducers, it was decided to construct our own transducers 
at IIT ICa.npur from ceramic pivozoelectric material. 
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Roqu 11*01116111:3 cLiid liiTi.i'ba'feioiis of ppessnf study nocd 
•chat the sensors are mounted flush with the surface of the 
test element and possess, 

1. High resolution 

2. High pressure SGnsitivit5’’ 

3. High stability 

■!. High output 

5 . '■ ligh r ol ia h ili t y 

6. feasibility to mounb ovir any tost elenent 

7. Small size 

3. Low noise 

5. Low cost 

Sonic of those piropcrtios contro.dict each other and hence a 
compromise has to be made in designing the transducer. 
Accordingly rectangular bimorph disks of {13 s 3 x 0,6) 'Tim 
was cut into (1.2 x 1.2) nm. square disks to make the 
transducer. Bimorph disks consist of two thin piezoelectric 
transducer olements joined together with the faces of same 
polarity?' in contact with each other. Bimorph elements are 
made of a new compound Lead--7jirconatO"Tits.nate (HPL /'T“5)? 
developed by lational Physical Laboratory, How Delhi. 

Bimorph has high dielectric constant (1750 , high cj.argc 

sensitivity (3.1 x 10 coulombs/Hew'ton) , high frequency 
constant (1900 H), high density (7.5 x 10-^ kg/metcr^) and low 
discipation factor (1.5). It possesses sufficiently high 



Curio temperature (320°C), to be used also for two phase 
(steam-water) flow studies, 

Tho (13 x 3 X 0.6) mm ceramic bimorph disks were 
sliced into (1,2 x 1.2) mm square wafers using cr 3 ^stal 
cutting machine available in the Semi-Conductors Devices 
lab. , IIT Zanpur. Although, the square shape effectively 
behaves as large diameter circular disk, the37' were used 
because of the relative ease of their availability?' and 
cutting problems. In actual use^ge the effective sensing 
area, is more dependent on the opening surface area of the 
transducer, rather than the ceramic size. After cutting and 
polishing, each wafers were cleaned and inspected for 
chipping and size defects. The sides of each disks were 
coasted with insulating lacquer (Nail Polish) to remove the 
possibility of partial short circuit on the edges of the 
ceramic square with the conducting cement used to cement the 
pieces together. The paint was easily chipped and scraped 
out to clean the disk surfa,ce in the appropriate area for 
ccmanting. 

Pig. 3, shows a schematic, diagram of a miniature 
pressure transducer asserably?-. This type of transducers 
were mounted on two ide3itical aluminium adoptors that could 
be installed in the diametrically opposite slots milled on 
the wall of the test element. A pair of screws were used to 
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seal these adapters with the wall and with each other. 
Adaptors were made from aluminium rod of 2.5 cm dia. It 
was bored to get 1.5 cm hole in the rod and then cut along 
the axis in two identical semi-circular tubes of about 5 cm 
length. A T-shaped groove was milled in the outer surface 
of the rods to 2 mm depth and 5 mm width to accommodate 
the transducers. Bight transducers were mounted in the 
slots, 5 in the longitudinal direction and 4 on the circum- 
ference with one common point. The closest separation 
between two tre.nsducers is 4 mm and the maximum separation 
is about 5.8 cm in longitudinal direction, and the minimum 
and maximum angular sepai-ation between the circumferential 
transducers are found to be 10 and 70 degrees respectively. 

Because of the small size of each transducer the 
mounting operation required an illuminated microscope of 
large magnification. The procedure used during instrumen- 
tation of the element is a.s follows. 

1. A pair of holes of 1.5 mm dia was drilled in the 
adopter, adoacent to the slot. A teflon sleeve was inserted 
through each hole for electrical insulation. 

2. The adaptor slot was painted xfith transformer- 
insulating varnish to avoid electrical contact between 
transducer and adoptor. 
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■bho impedance of ilie disk combination without affecting the 
pressure sensitivity. Upper fa-co of the top disk was then 
attached to the strain relief paid by a gold foil. 

9, Two plastic spacers were set across the slot width 

to form a barrier between the transducers. The area between 
the transducers were filled with RTV (silicon) rubber mixed 
with sma,ll amount of Araldite. 

10, When the RTV rubber ha.s hardened, the plastic spacers 
were removed and the area surrounding each transducer was 
filled with ETV rubber, 

11, During the tra.nsducer mounting and filling the gaps 
with RTV rubber, care was taken to get smoothness and 

flush mounting with the adopter (hence test element) surfa.cd, 

fig, 4 shows the completed transducer assembly 
mounted on the adopter. Electrical leads from each trans- 
ducer was taken out through semi --circular slot, milled 
on the opposite surface of the adopter and cemented with 
the adopter body. Two identical adopters having identical 
transducer assembly were constructed. The tubular test 
element was instrumonted by fitting the adopters in the 
diaraetrically opposite slots milled in the middle region 
of the element. The leads were allowed to run through the 
tube and taken out through a. hole, drilled near s support 
fin on the down stream. This does not disturb the flow 
field significantly and also the electrical leads aro 
prevented from oscillations. 
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b) Tran sducer Calibratio n; 

Transducers can be calibrated by one of the following 
methods [89]: 

1. Shock tube test to check over-all linearity of the 
response for different shock pressures. 

2. Acoustic-cavity test by coiapa.ring with a standa.rd 
transducer or microphone. 

3. Transducer response recording ty exciting it with 
eloctromecha-nical excitei* at laaown frequencies and at the 
mean pressure level equa,l to the operating pressure level 
of the set-up loop by using pressure chamber. 

The mean p3;essure leved. can be controlled by servo 

valve . 

4. Tiansducer output recordihg for step change in static 
pressure which gives the static calibration. In the present 
work the static calibration was ca.rfied out. Transducer 
output was measured for step change in static pressure. Pon 
this pui'’pose a pressure chamber was built to operate at 
various static pressures. This consists of a small cylinder 
having the same specifications as the test-loop pipes. The 
cylinder was fitted with pressure-gauge , valves and trams- 

ducer mounts. One of the end flanges was filled with rubber nlug® 
The adopter on which the transducers have been mounted is 
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kept in the calibration chamber. Air compressor i^as 
connected to the inlet value of the chamber. Ihe pressure 
in the chamber was changed in steps. The transducer output 
was amplified and recorded on a calibrated oscilloscope. 

A block diagram of the scheme of calibration is shown in 
Fig. 5. After properly setting the amplifiei ga-iii, a 
plot of tia-nsducer output versus chamber pressure was 
obtained. The over all efficiency of the transducer was 
found to be approximately 3.2 volts/psi. legends of the 
Fig. 5 are given below,’ 

C Pressure chamber 

T Test element 

PT Pressure Transducer 

PGr Pressure Gauge 

Control Valves 
TM Transducer Mounts 

CA Change Amplifier 

LA linear Amplifier 

OS Oscilloscope 

DR Data Recording equipment 

Signal Co n ditio ning; 

Another essentiad. part of the experiraent is signal 
conditioning. Fig. 6 shows a schematic diagram of the 
signal conditioning and recording system. To remove the 
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static or initial DC charges produced in the trsnsducerp 
each transducer output is fed to an AC coupled charge 
amplifier (CA). Amplified signals from diametrically opposite 
transducers are fed to differential amplifier (DA). 

The output of DA is true differential djaiamic pressure 
signal. This signal is fed to a linear amplifier (M). 

The amplified differential signal is transmitted j throu^ 
low noise coaxial transmission line, to tho data recording 
end. Beca,use of attenuation and other noise, signal may 
pick-up 50 Hz noise. To filter and amplify, the signal is 
fed to input interface and filter system (If). "The filtered 
and amplified signal is then fed to the analog to digital 
converter (ADC) and data recording unit (DE) of the process- 
computer IBM 1800. 

The following electronic equipments are designed 
and fabricated for the signal conditioning circuit: 

1. Linear Amplifier 

2. Filter 

3. Differential Amplifier 

Tho circuit diagrams of the above units are shown in 
Bigs .7,8 and 9 . 
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2 . 4 IBM 1800 Sys t em : 

IBM 1800 is a process computer has ■•-the f olloxfing 
facilities for on line data logging and computation of the 
signals . 

1. Analog to Digital Converter 

2. Interrupt facility 

5. Process input-output devices 

4. Real time clocks. 

The process input-out devices enables it to receive/send 
signals from / to systems. One can directly record signals 
from sensors like transducers. Its DAGS is capable of 
accepting one or more analog/digital input signal. When 
more than one signal is to be processed simultaneously a 
multiplexer scans the signals sequentially, Por high speed 
data acquisition, the solid state multiplexer was used. It 
accepts signals in the range of + 5 volts. The maximum 
scanning frequency of this multiplexer is 20,000 points 
per second. 

Scanned signal is fed to ADC of IBM 1800 which 
converts bipolar signals to digital form. The output of 
the ADC is in the binary foim which is stored in the 
memory and can be transferred to tape with the help of 
link program. The details regarding! various components 
and functions of IBM 1800 are given in Reference [90]. 
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PuBSUIffS 

3 . 1 fiat a Acquis iti o n^_ ffld Plots :• 

Fear field flow-noises j'.ro small scale, random pressur< 
fluctuations producing dynamic loevd over the i-’od surface. 
Correlation technique has heen used to determine a.nd clia.rac-- 
terize these near-field flow -noises. Because of lach of 
data (availa.hle in literature) s/c low frequencies, in this 
woz-k measujremont'S have been rnside only at low frequencies 
(below 50 Hz). The possible effect of low frequency 'extronie- 
ous ’ (fa.r-field or acoustic) noise has been minimised by 
taking the pressure difference fi-om diametrically opposite 
pressure transducer pair as proposed b 3 r Fambsganss and 
Zalesky [75]. In this chapter the auto-correlation functions 
of the response from longitudinal3-3'’ and. circuniferenti 8 . 1 l 3 ’' 
spaced transducer’s were computed. During each run of 20 sec. 
duration the analog signals fro.n the transducers were digitize 
and stored on a magnetic tape. Por each transducer, 300 da.ta 
points V7cre usod in computing the auto-correlation function. 
The IBM 1800 plots of the auto-correlation indicate that in 
this manner one complete x^eriod of the signal is analysed. 

The curves have been normalized such that at zero time delay 
the value of auto-correlation function corresponds to unit"/'. 
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A digital computer programme for obtaining the spectral 
density was written for IBM 7044. All the auto-correlation 
functions were analysed with this programme and the resul cin^ 
power Spectral density (PSD) curves were pl-otted. 

Severe], general obseivatiojis have been mads regarding 
' the auto-correlation plots. The amplitude of all the 
correlation functions change their sign, however, the net 
area of the curve is always positive se,tisf 3 ring the condi uxoi- 
of positive-definiteness. The function decreases continu.- 
ouslj?' with increasing delay time and then fluctuates due to 
livflitations of instrumento.tion and noise effects. The 
largest negative vsilue of the auto-corre3.a/'Gion curve (T'lg-- 
was added to the computed values of the correlation coef in- 
dent so tlia.t the coefficients are all positive. Ti?is 
shifted curve is plotted on semi log coordinates as indiGat>-ci 
in Pig. 3.0, It is apparent from the figure that the s'lope 
gives the characteristic frequG3:icy of 53 Hr as indicated 03 ’’ 
the peak in tlie power spectral density (PSD) curve (-'-‘ig. 3.o 3 ? 
while the fluctuations at large de3-ay time C ci X"' G mostly 
due to noise. This shows that, side band effect wil3- be 
pronounced after a delay ti 'e of 200 ms. Since the compum^^d 
aut o-correlo.tion fujiction is dependent on the scnsitivivy 
the particu3.ar pressure transducer and the gain used in L,h^- 
amplifiers, no attempt was made to compare the relative 
behaviour or intensity of these auto-correlation functions. 
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A geiioral observation of the PSD curves shows deca.7 
of PSD value with increasing frequency. A well defined 
peak is seen at around 5B Hz. This peak in PSD curve is 
invaris.nt with respect to the location of the transducers 
or the flow-rate and is almost coincident with the calculated 
ns.tural frequency of the rod (41 Hz). I'hen the rod is 
excited at its natural frequency, resulting- aniplitude is 
larg'e and disturbsmee in the flow, produced hy the vibrating 
rod, will also become la,rge. This explains the predominance 
of tho peak near 58 Hz. Othei- peaks in the PSD curves were 
observed both below and a.bove the resonance frequency. The 
smoJ-l peak at around 50 Hz shows the effectiveness of tho 
filter used to eliminato the 50 Hz electrical noise. Tho 
relative areas under the PSD curves bed-ow 24 IIz and above 
48 Hz seem to va.iv^ with flow rates as indicated in ’Pigs. 59 
to 61. From -l-hose figures one can conclude that the prossuro 
field is redistributed with variation in flow rato. 

Fig. 11 to Fig. 15 show the auto-correlation . 
coefficients at the axially distributed points l,2,5j4 and 5. 
Points o-nd 5 are spaced at 10, 4, B and 16 ram 

intGX’vaJ.s, respoctivol}'". Auto-corrolatioii coofficie-nt 
decreases for the smaller delay times and varies S'liootiily 
for larger delay times. Pig. 16 to 20 arc tho corresponding 
powor-spectro.l -“density functions. Thestj ceirves show that 
PSD value is decree sing with frequency. All the curves 
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exhibit a well defined peak near the natural frequenc3?' of 
38 Hz. The frequency of the peak is nearly constant at all 
the points of measurement. The area, around the 38 Hz peak 
varies from 22 to 26 percent of the total area. 

Pig. 11 and Pigs. 21 to 23 show the auto-correlation 
functions at circumferentially distributed points 1,6;, 7 
and 8, respectively which are at 0, 10, 30 and 40 degree orien- 
tation for 1 m/sGC, flow velocity. Pigs. 16 and Pig. 24- to 26 
show the corresponding power spectral density curves. Again 
the 38 Hz peak is obtained showing resonance effect. It is 
not conclusively shown, however it is suspected that the 
peak frequencies are varying with the orientation of the 
transducers except for 38 Hz peak. 

Pigs. 27 to 31 show auto~correla,tion coefficients 
at axially distributed points 1,2, 3, 4 and 5, respectively 
at 2 m/sec flow velocity. By comparing with the 1 m/scc. 
flow rate the peaks at the high frequencies are a little 
more predorainant. Pigs. 32 to 36 a.re the corresponding PSD 
curves, for this flow velocity, showing decay of PSD values 
with frequency. 38 Hz peak is again predominant. 

Pig. 27 and Pigs. 57 to 39 show the auto-correlation 
functions at circumferentially distributed points 1,6,7 and 8 
at the 2 m/sec flow rate. The corresponding PSD curves are 
shown in Pig. 32 and Pigs. 40 to 42. PSD curves again show 
peak at 30 Hz a3-ong with other low amplitude peaks. 



Figs. 45 to 47 are the auto-correlation coefficient 
plots at 4 m/sec flow velocity, for the longitudinal points 
1 to 5, respectively. Pigs. 48 to 52 show the corresponding 
PSD curves. Pig. 43 and Pigs. 53 to 55 are the auto- 
correlation coefficient curves at peripheral points 1,6,7 
and 8, respectively. Pig. 48 and Pigs. 56 to 53 arc the 
corresponding PSD curves. 

Pig. 60 indicates that the area around the 38 Hz 
resonant peak is a^hout 22 to 26 percent of the tota,l area. 
Also it shows a linear dependence on the flow velocity. 

Pig, 59 shows that the area under the PSD curve "below 24 Hz 
is decreasing with flow velocity indicating excitation of 
higher frequency models due to increase in the driving- 
function, Pig. 61 shows that the area above 48 Hz and 
below 72 Hz is increasing correspondingl 3 ?'. 

Cross-correlations could not be computed due to the 
non-availability of IBM 1800 for on-line processing and 
also attempts to procure multi-channel tape recorder were 
not successful. The velocities quoted here are from the 
V-notch measurements. 
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COHCLUSIOHS AH) SCOPE EOR PHTHRE YORE 

4.1 Conclusions ; 

In general, results obtained from the experimental 
study and characterization of the vTall pressure on the rod 
surface in annular water flow showed similar behaviour as 
expected based on published experimental investigations 
of wall pressure fluctuations in pipe flow and in flow over 
flat plates. The following specific conclusions may be 
drawn. 

1. The indigeneous construction of reliable miniature 
pressure transducers, that are sufficiently strain insensi- 
tive and possessing inherent flexibility, is possible. The 
pressure sensitivity can be increased by using bimorph 
crystal instead of single crystals. 

2. Low-frecLuency 'extraneous' (far field) noise can be 
effectively eliminated by taking the pressure difference 
from a diametrically-opposite, pressure transducer pair. 
This is in rcsonable agreement with the expected acoustic 
nature of the far-field. It further shows that acoustical 
noise is not part of near field noise. 
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3. ■ Side band (external electrical noise) effects are 
pronounced only at high, delay time (or very low frequencies) 
indicating that signal conditioning system developed is 
sufficient to give good results in the frequenc 3 r region of 
interest. 

4. Uarrow-band 5 low frequency ( 50 Hz) power spectra 

is essentially decaying out with increase in flow velocity. 
Peaks in the PSD curves show the presence of low frequency- 
3-argo size odd.ios in the flow field. 

5. PSD curve bet^^roen 48 Hz and 72 Hz increases with 
increase in the flow velocity indicating the foimation of 
small size eddies of high frequency. 

6. As flow rate increa,ses, intensitjr of the fluctuation 
will also increase. Phis result is in good agreement with 
the expected behaviour, i.e*, as the flow rate increases 
locally generated eddy size increases and thereby gives 
largo intensity and a shift in the frequency spectrum. 

7. A plot of correlation coefficient (around 58 Hz) versus 
flow speed at the centre of rod shows increase in correlation 
coefficient with increasing flow velocity. 

4.2 Siigges tj-pns__^ or 

1. Transducer construction should be done with the help 

of a high power microscopic. 
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2. D3niamic calibration of miniature pressure transducers 
is essential for the study of present problem, 

3. Complete characterization of near-field flow-noise, 
in low frequency region, narrow-band, cross-correlation 
study is essential. Accordingly ds.ta either from all the 
transducers or at least frora two pairs (i.e. from two points) 
shoiild be simultaneously recorded. So multichannel tape 
recorder unit should be used. 

4. At small flow rate, high rate of data recording- 
should be done to get small delay time as required in 
cross-correla.tion analysis. 

5. To get better results, signal should be averaged 
over as long period as possible. This time duration should 
not be less than one second. It is advisable to average 
the data for a minute whenever possible. 

6. Spectral information of pressure fluctuations at 
higher flow rates should also be done using the present 
tost rig. 

4 . 3 P lan s fo r Future Work ; 

1. To study the parallel flow induced vibration problem 

to near field flow noise, three more test elements are 
available. These elements have different diameters, so that 
effect of hydrauJ-ic diameter can easily be studied. 
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2. Study of mtural .frequoiicy and model damping ratio 
of the test element for different hydraulic diameters and 
at different flow velocities should he investigated. 

3. This technique of predicting vibration response is 
relevent to the vibration problem associated with heat 
exchanger tubes and nuclear fuel elements in a bundle, so 
that the study of near-field flow noise using 4 and 7 rod 
bundle should be analysed. 

4. The test-section has facility to introduce external 
pulsations in the flow. It will be interesting to study the 
above cases under pulsating flow. 

5. The spectral data of pressure fluctuations obtained 
using the test rig is to be used as the forcing function in 
the analysis and prediction of parallel flow induced vibra- 
tion of rods and bundles. The mathema.tical model is already 
available in the literature. 
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